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Sustainable energy sources are necessary to decrease the environmental problems 
associated with fossil fuels. Modified mesoporous carbon materials have been studied with aims 
of improving the performance of energy conversion and storage devices. In particular, heteroatom-
doped carbons have received great attention as both a catalyst and catalyst support, showing 
potential in improving the catalytic activity of Pt towards the oxygen reduction reaction (ORR). 
In this study, N-doped mesoporous carbons were synthesized by carbonization of 
melamine-formaldehyde (MF) polymer gels, using SiO2 nanoparticles as a hard-template. Carbon 
supports (MF-NC) with up to 8 N-atom% and surface areas up to 440 m2/g were obtained 
depending on the SiO2 content and annealing conditions (850
oC, 950°C, or 1500°C). Pt/MF-NC 
samples were prepared to evaluate the electrochemical performance, stability, and ORR activity 
for applications in energy storage and conversion devices. Incorporating Fe was also considered 
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Chapter 1: Introduction 
Sustainable and renewable energy resources are required, primarily due to climate change 
and the decreasing availability of fossil fuels. In an attempt to lower CO2 emissions, there is an 
increase in renewable energy production involving wind and solar power [1]. These renewable 
resources are plentiful but can be quite unpredictable and intermittent. To overcome this, generated 
electrical energy from these sources must be stored as chemical energy in systems, such as batteries 
and fuel cells [2–4] and eventually be released in an environmentally friendly matter with zero 
emissions of pollutants and greenhouse gases [1]. A popular alternative is the lithium-ion battery 
which is used in most electric cars [5]. Despite the significant improvements in these technologies, 
the migration process in batteries is not entirely reversible due to the unavoidable side reactions 
that may cause deterioration of electrochemical performances and the shortcomings of the 
electrode materials [6]. Therefore, designing electrode materials with stable structure, long service 
life, and high energy density are necessary for metal-ion batteries.  
Hydrogen fuel cell vehicles (FCVs) are also an attractive alternative to conventional 
vehicles [7, 8] and are based on proton exchange membrane fuel cells (PEMFCs) [9, 10], using 
hydrogen as a fuel. A schematic of a typical hydrogen PEMFC is shown in Fig.1.1. In this device, 
hydrogen and oxygen are converted to water and electricity. In the cathode, O2 molecules combine 
with H+ generated in the anode by oxidation of H2 (H2  2 H
+ + 2e). It can diffuse through the 
membrane, and combine with electrons arriving through the external circuit to form water 
molecules (O2 + 4H
+ + 4e  H2O) [11]. A vast amount of successful applications of PEMFCs 




Figure 1.1 Main PEMFC Components 
An excellent advantage hydrogen fuel cells have over lithium and other battery systems is 
that they can continuously provide electrical energy, as long as the reactants are supplied from 
outside the cell [14]. But despite the significant advances of this technology, PEMFCs still suffer 
from durability issues and high costs mainly due to the amount of Pt catalyst required to drive the 
oxygen reduction reaction in the cathode [15]. Other devices, such as direct alcohol fuel cells 
(DAFCs) are also attractive, but the cathodic reaction is also the reduction of oxygen (ORR), and 
offers this and other challenges as a result of the alcohol oxidation and the irreversible adsorption 
of oxidation productions [14]. 
Typically, hydrogen fuel is mostly produced through fossil fuels, but a preferred method 
of hydrogen production is through the electrolysis of water. This electrochemical process involves 
3 
 
electricity being used to split water into hydrogen and oxygen molecules, which is principally the 
reverse process of electricity generation in a hydrogen fuel cell [7].  
The typical catalyst used in fuel cell applications is Pt deposited on carbon (Pt/C). Here, 
the Pt catalyst is deposited on a conductive, porous substrate as nanoparticles to increase the 
surface area and reduce costs and the amount of Pt needed [15, 16]. These Pt-based catalysts offer 
high catalytic activity, chemical stability, and high exchange current density [17, 18]. However, 
PEMFCs are restricted by the need of high Pt loadings in the cathode due to kinetic limitations 
carried out by the sluggish oxygen reduction reaction (ORR) [18]; a reaction that occurs mainly 
through two different pathways in both acid and alkaline media.  
Alkaline media 
O2 + 2H2O + 4e
−  → 4OH−                                                     (1.1) 
O2 + 2H2O + 2e
−  → HO2
− +  OH−                                           (1.2) 
H2O + HO2
− +  2e−  →  3OH−                                              (1.3) 
Acidic media 
O2 + 4H
+ + 4e−  → 2H2O                                                       (1.4) 
O2 + 2H
+ + 2e−  → H2O2                                                       (1.5) 
H2O2 + 2H
+ + 2e−  → 2H2O                                                  (1.6) 
 
A two-electron transfer process results in the production of hydrogen peroxide (H2O2) 
(reactions 1.1 and 1.4), while a four-electron transfer directly produces water as the only reaction-
product (reactions 1.3 and 1.6) [19].  
Throughout the decades, the Pt loading in the cathode (Membrane Electrode Assembly, MEA) 
has been reduced, but there are still efforts in decreasing Pt contents due to the abundance, 
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distribution, and cost of this precious metal [15]. The total Pt loading in the U.S. Department of 
Energy (DOE) 2020 targets is 0.125 mgPt/cm
2 [20], where the loading target for the cathode is less 
than 0.1 mgPt/cm
2 [21]. Furthermore, acidic and oxidizing conditions where the ORR takes place 
are very aggressive resulting in Pt dissolution and aggregation, as well as degradation or corrosion 
of the carbon support [22]. Ideally, electrocatalysts should possess the following characteristics: a 
large surface area to host abundant active sites, good conductivity, porous structure, and 
electrochemical durability [23]. Efforts to enhance both activity and durability of the catalyst can 
be achieved by engineering the surface electronic structure and atomic arrangement of the carbon 
support to effectively tune catalytic properties [15]. A good interaction between the catalyst and 
the support not only increases charge transfer, but also improves catalyst efficiency and decreases 
catalyst loss [12]. For example, highly graphitic carbons are proposed to contain abundant π sites 
on the graphitized carbon surface that can strongly interact with Pt and act as anchoring sites [17]. 
 
1.1 Overview of Carbon Materials for Electrochemical Applications 
 There are various allotropic forms of carbon (diamond, graphite, graphene, single and 
multi-walled carbon nanotubes (CNTs), fullerenes), each with various microtextures owing to their 
unique structures or degree of graphitization [24]. Carbon materials have many different 
dimensionalities ranging from 0D to 3D and can be used in different applications under different 
forms (fabrics, composites, powders, fibres). Additionally, carbon has good electrical conductivity 
and is chemically inert which is very attractive for electrochemical applications [25]. A great 
amount of research has been focused on the application of carbons blacks as electrode materials 
as supports because of their accessibility and relatively low cost, but other carbons such as 
graphene and carbon nanotubes (Figure 1.2) are also attractive because of their electrical and 




Figure 1.2 Structures of graphene, single-walled carbon nanotubes (SWCNTs), and multi-walled 
carbon nanotubes (MWCNTs) 
 
Graphene is described as a sheet of sp2 hybridized carbon atoms ordered in a 2D lattice and 
is the constitutive component of graphite and CNTs [27]. Its high electrical conductivity makes 
graphene an attractive material in connection to energy storage and conversion applications. There 
are favourable reports of graphene decreasing the Pt particle size due to the strong interaction 
between the Pt atoms and graphene; however, it has not yet been proved to be superior in terms of 
cost [28]. Carbon nanotubes (CNTs) are also a relatively new member of the carbon family, being 
first reported in 1991 [29]. These materials are regarded as cylindrical, hollow micro-crystals of 
graphite rolls, and they include single-walled CNTs (SWCNTs) and multi-walled CNTs 
(MWCNTs), depending on the number of layers (Figure 1.2). The conductive properties of CNTs 
strongly depend on their chirality, which can be difficult to control but important for 
electrochemical applications [30]. 
Because of their excellent mechanical, electronic, and chemical properties, CNTs are 
attractive for applications involving hydrogen storage, quantum nanowires, chemical sensors, and 
as catalyst supports [31, 32]. Still, harsh chemical oxidations are essential to allow for the uniform 
dispersion of Pt nanoparticles, since the surface of CNTs are chemically inert. Consequently, these 
6 
 
treatments may deteriorate the graphitic structure, chemical inertness, and preferred electrical 
properties of the CNTs [32]. 
  A common alternative for carbon supports are mesoporous carbons, which up to now, are 
more cost-efficient compared to graphene and CNTs, and still contain high surface areas, chemical 
inertness, adequate electrical conductivity, and a controlled pore size distribution [24]. The 
combination of both micro (d < 2nm) and mesopores (2 nm  to 50 nm) in the carbon material 
enhance the diffusion of reactants and products, while also providing anchor sites for the catalyst 
deposition to improve dispersion and increase Pt utilization [34]. Therefore, the ability to tailor the 
surface texture of carbon materials is of high interest in the development of new electrode support 
materials [26]. 
 
1.2 Carbon Gels and Templating Strategies 
Carbon gels contain carbon aggregates that are interconnected to create a 3D network 
structure in a liquid medium [35]. In the late 1980s, Pekala and his group patented the sol-gel 
preparation of carbon gels, the first being the polymerization reaction between formaldehyde and 
resorcinol, under alkaline conditions [36]. The polymerization reaction results in the formation of 
colloidal particles to produce a porous solid network shaped by polymeric chains in a liquid 
medium [35]. The main advantages of this synthetic approach are: their facile pore structure 
control ability and the option for the synthesis to take place in aqueous media [37]. There has been 
a growing interest in manipulating the time, temperature, and pH during the polymerization 
reaction to tailor the properties of the final products [38], as well as using soft and hard template 
materials to control further the structure, surface area, and pore sizes of the carbon gel products. 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In the case of soft templates, they are often removed upon carbonization. Some examples of 
extensively employed molecules as soft templates include surfactants and block copolymers [49] 
and fibers such as cellulose or chitin [41, 50]. The soft-templates are able to stabilize the gel’s 
porosity to withstand the conventional drying step [51]. In the case of hard-templates such as silica 
[52], salts [53], or even ice crystals [54], the approach results in a more well-defined mesoporous 
structure and typically involves the following steps: impregnation of the hard template, 








There are three main hard template classifications: macroscopic structures (fibers and 
powders), in situ templates that are formed during the synthesis (salts or ice crystals), and discrete 
particles (polymers or nanoparticles) [55]. The use of a sacrificial hard-template is an intrinsic 
limitation of this approach [49], but allows the synthesis of materials with different size pore 
distributions in the same material. This is important because increasing the number of micropores 
will increase the surface area and nucleation sites, which is beneficial during catalyst deposition. 
However, activated carbon microporous materials are more prone to have a reduced electrical 
conductivity due to surface functionalization and mass transport limitations due to inaccessibility 
to the reactants and products to and from the active sites because of the smaller pore sizes involved 
[49]. On the other hand, the introduction of mesopores in the carbon material allows for easier 
transfer of reactants and products, but the overall surface area is compromised. As a result, 




1.3 Heteroatom-doped Carbons for Energy Storage and Conversion 
Doping carbon materials with heteroatoms (such as N, O, S, or P) has displayed potential 
in improving the catalytic activity of Pt toward the ORR, that it would allow to a reduction of the 
catalyst loading in the cathode, or even eliminate the need of a Pt-based electrocatalyst [56–64].  
This strategy (Figure 1.4) relies on charge polarization effects, which arise from the change in 
electronegativity concerning the carbon atoms and the heteroatoms [57]. 
 
 
Figure 1.4  Examples of heteroatom doping of carbon materials 
 
For example, the doping of carbon with boron (an electron acceptor) was reported to show 
high ORR catalytic activity from the creation of B+ sites, favourable for O2 adsorption [60]. Ma et 
12 
 
al. [57] have studied the performance of S-doped graphene from recycled lithium-sulfur batteries 
as a cost-effective approach for the preparation of these materials. The authors found that these 
graphene-sulfur materials have a better performance than pristine graphene toward the ORR in 
alkaline media, but still far from Pt/C. The reason for the observed behaviour is not fully 
understood, and it has been attributed to polarization effects [58] as well as an increased electron 
spin density from the presence of sulfur and sulfur oxide groups [57]. 
Nitrogen-doped carbons are the most studied carbon-based catalysts for the ORR [59, 61]. The 
presence of N on carbon materials is recognized to increase the electronic conductivity of carbon 
because N is more electronegative than C, and both elements have similar atomic radii [61]. The 
active sites of N-doped carbon materials are still under debate, but several groups have assigned 
the improved ORR activity to the presence of graphitic and pyridinic-N functionalities [61–64].  
Still, there are uncertainties due to the inevitable mixing of many different types of nitrogen 
functionalities (Figure 1.5) during the doping process and also the inhomogeneities associated with 





Figure 1.5 Types of nitrogen functionalities 
 
Compared to metal-free N/C electrocatalysts, M-N/C (typically, M = Co or Fe) 
electrocatalysts were shown to exhibit a better ORR performance, typically in alkaline media. In 
the 1960s, an attempt to reduce or replace Pt-based electrocatalysts using metal porphyrins or 
phthalocyanines was successfully found to exhibit good oxygen reduction performance. However, 
it was found that the materials had poor stability [65]. To mimic the atomic configurations of metal 
porphyrin and phthalocyanine, nitrogen and Co/Fe precursors were looked at, and the resulting 
catalysts demonstrated high ORR activity and promising operation durability [65, 66]. The cobalt-
polypyrrole catalyst did not display obvious performance degradation for more than 100 hours at 
voltages up to 0.70 V [66]. Since then, M-N/C catalysts have been developed by incorporating 





In particular, many studies have focused on producing Fe-N/C electrocatalysts since 
Dodelet et al. [63] proposed the following requirements for Fe-based catalysts: disordered carbon 
content, iron, surface nitrogen, and micropores in the catalyst.  Specifically, the Fe1(II)-N4 active 




Figure 1.6 Proposed Fe1(II)-N4 active site for Fe-N/C-based ORR electrocatalysts 
 
Because of the relevance of N as doped carbon materials in the context of this thesis, other common 







Nitrogen doping of carbon materials for the ORR 
Nitrogen doping is commonly achieved through in situ or post-synthesis techniques [68], such 
as pyrolysis of N-containing precursors [69–71] or chemical vapour deposition of N-containing 
compounds on carbon substrates [72]. Some common precursors are melamine [69, 73], ammonia 
gas [61, 74], and polyaniline [41, 75]. Mechanically mixing has also been used to incorporate 
nitrogen into the carbon framework, using melamine as the precursor [76] to synthesize Fe/N-C 
electrocatalysts for the ORR. An interesting idea, however, melamine sublimates before 
carbonization takes place [77], and a significant excess of melamine is consequently required. The 
assembly of N-doped carbons by the sol-gel polymerization of melamine and formaldehyde and 
subsequent carbonization appears as a more controllable route [64, 69]. 
Nitrogen abundant, melamine-formaldehyde (MF) polymers have been widely used in the 
past for the synthesis of kitchen utensils, adhesives, and laminates because of the material 
transparency, scratch resistivity, and surface smoothness [78]. For energy and storage applications, 
the synthetic approach has been modified to produce materials that, after carbonization, result in 
carbon products with mesoporous structure and high surface area. The preparation of heteroatom-
doped carbons using this approach is relatively simple, because of that the number of applications 
is growing fast, from heavy metal adsorption to CO2 capture to dye-sensitized solar cells, fuel 




1.4 Preparation of N-doped carbon by polymerization of melamine with formaldehyde 
As shown in Figure 1.7, the polymerization reaction involves several steps. In alkaline 
media, the reaction of melamine with formaldehyde (1:3 molar ratio) results in the formation of 
hydroxymethyl groups (1) [80]. After allowing cooling to room temperature, then acidification, 
condensation of these hydroxymethyl groups takes place forming diamino methylene ether bridges 
(2). Heating at 95°C and by elimination of formaldehyde, results in the formation of the methylene 
bridges to afford the MF polymer (3) [80] that can later be dried [81, 82], then carbonized at 
temperatures higher than 500 °C to produce carbons with different nitrogen contents [45].  
Nevertheless, in some carbon gel synthesis recipes, multiple solvent exchanges and 
relatively long ageing processes are typically encountered [35, 38, 47]. Therefore, a simplified 














1.5 Motivation and Thesis Objectives 
 
Despite the great potential of using melamine-formaldehyde gels for preparing N-doped 
carbon catalyst and catalyst supports with high nitrogen content, the studies involving these 
materials for PEMFCs applications is scarce. Even more important, in several of those works 
relevant characterization studies, such as durability tests, are not discussed. Therefore, a key 
objective of this project was to synthesize and characterize nitrogen-doped mesoporous carbons 
by carbonization of a nitrogen-rich, melamine-formaldehyde polymer gel using silica (Si) 
nanoparticles as a sacrificial template. The ultimate goal was to have a doped carbon material with 
high nitrogen content and chemical stability, high surface area, and mesoporous structure that 
could be used to enhance the catalytic activity of Pt or a non-precious metal with a target on the 
ORR and applications on fuel cells. More specific objectives included: 
 Evaluating the impact of heat treatments on the structure and electrical conductivity 
of the carbon materials (850 oC, 950 °C and 1500 °C) under a nitrogen atmosphere 
 Controlling the surface area, texture, and micro/mesoporous structure of the carbon 
products by changing the hard-template content.  
 The deposition of Pt on the N-doped carbon and a commercial carbon used as 
reference material to investigate Pt utilization and the stability of the materials 
under potential cycling in acidic media. 
 Studying the ORR on these materials in oxygen-saturated 0.5 M H2SO4 solutions 
at varying rotation speeds. 
 Incorporating Fe during the polymerization reaction in an attempt to replace Pt as 
the catalyst for the ORR. 
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Chapter 2: Materials and Methods 
 
Vulcan XC-72 carbon black (VC) was purchased from the Fuel Cell Store and adopted as 
the reference benchmark material in this study. VC was ground with an agate mortar and pestle, 
dried to 80°C in a vacuum oven overnight, and stored in a sealed vial in a desiccator. The following 
chemicals were obtained from Sigma-Aldrich and used as received: formaldehyde (37 wt.% in 
H2O), melamine (99%), LUDOX®AS-40 colloidal silica (20 nm, 40 wt% in H2O),  hydrochloric 
acid (35%-37%, ACS Reagent), sodium hydroxide (reagent grade, 97%, flakes), 
hexachloroplatinic acid hydrate (H2PtCl6•6H2O) (ACS reagent, ≥ 37.5% Pt basis), sulfuric acid 
(ACS reagent, 95-98%). Water used in these experiments was deionized using a Milli-Q 
deionization system (Millipore Q-Gard T2, Millipore Quantum TEX); and it met the requirements 
for ASTM Type 1 water, with a resistivity above 18 MΩ.cm. Gases used were purchased from 
Praxair: argon (99.999%, AR5.0UH-T), extra dry air (AI0.0XD-T), helium (99.999%, HE5.0UH-
T), and nitrogen (99.995%, Ni5.0UH-T). 
 
2.1 Synthesis of mesoporous nitrogen-doped carbons  
 
N-doped carbons were prepared by carbonization of melamine-formaldehyde (MF) resins 
prepared in accordance with the method proposed by Pekala [83], and its subsequent modifications 
[35, 47, 80, 84]. In this work, the approach was simplified by drying the polymer under air in a 
tubular oven at 100 °C, instead of implementing supercritical drying or solvent exchange 
processes.  The scheme of the overall procedure is summarized in Figure 2.1, while the reactions 
and the polymerization process were described in Chapter 1 (Figure 1.7). Melamine (M) was 
dissolved in deionized water and the pH was adjusted to ~ 8 using NaOH. Meanwhile, colloidal 
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silica was sonicated for 30 minutes to minimize particle agglomeration and then added to the 
reaction mixture as a hard-template.  
 
 
Figure 2.1 Overall reaction procedure to produce MF-NC_SiO2X (where X = A or 
B represents the amount of silica added) 
 
Formaldehyde (F) was added to induce methylolation, and after 10 minutes at 70 °C, the 
solution was left to cool to room temperature under stirring. The M:F:Si molar ratio in the final 
mixture was 3:1:0.2 for MF-NC_SiO2A and 3:1:0.1 for MF-NC_SiO2B. To prompt the first stage 
of the polymerization process, the pH was adjusted to ~ 1-2 using 2 M HCl and the mixture was 
refluxed at 95°C. The obtained gels were transferred to jars and allowed to solidify overnight. The 
products were dried under oxygen for 1 hour at 100 °C to remove the excess of water, and then 
heated up to 850 °C at a rate of 5 °C/min under nitrogen to induce further changes in the polymer 
through the elimination of HCHO (Fig. 1.7). The dried MF polymer was calcinated under nitrogen 
for 1.5 hours at 850 °C to afford MF-NC_SiO2A_850 (or MF-NC_SiO2B_850). After 
carbonization, the hard template was dissolved using a 3M NaOH solution at 70 °C for 3 hours, 
and the carbon material was washed with deionized water until neutral pH using a Soxhlet 
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extraction apparatus. To evaluate the impact of heat treatment on the properties of the carbon 
materials, samples were exposed to a second annealing step under a nitrogen atmosphere: at 950 °C 
for 4h or at 1500 °C for 2h. MF-NC_SiO2B_1500 underwent an HNO3 activation treatment to 
increase surface wettability for the deposition of Pt [85, 86]. 
 
2.2 Synthesis of Pt/MF-NC  
 
The synthesis of Pt/MF-NC was carried out using a standard impregnation method in 
alkaline media (Figure 2.2), using H2PtCl6∙ 6H2O as the metal precursor to be able to compare with 
other studies [33]. 
 
 
Figure 2.2 Schematic diagram of Pt impregnation on carbon procedure 
 
In this approach, MF-NC (~ 40 mg)  was added to a 2-neck round bottom flask with 50 mL 
of deionized water and sonicated for 20 minutes to allow for proper dispersion. A ~ 10-2 M H2PtCl6 
solution was prepared and ~5.8 mL was added to the MF-NC using a Mohr pipette. The volume 
of H2PtCl6 solution to add was calculated depending on the mass of carbon (5.8 mL for every 45 
mg of carbon), to prepare 20 wt% Pt on carbon samples. The pH of the solution was adjusted to 
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~7-8 by adding either 4% HCl or 3M NaOH solution in a dropwise fashion. The mixture was then 
heated to 80 °C and allowed to reflux for at least 15 minutes. Solid NaBH4 was then added to the 
reaction flask as a reducing agent in at least 5x mol excess. The solution was left to reflux at 80 °C 
for two hours. The heat was turned off and the solution was continued to stir overnight. The Pt/MF-
NC was filtered using suction filtration and was washed using a Soxhlet extraction apparatus for 
24 hours to neutralize the product. The absence of Cl- ions was confirmed using drops of AgNO3 
solution in the filtrate. The Pt/MF-NC was then dried in an 85 °C vacuum oven overnight before 
analysis.     
 
2.3 Synthesis of Fe/ MF-NC catalysts  
 
For the synthesis of Fe/MF-NC materials (Fig. 2.3), iron was incorporated into the polymer 
mixture by addition of 1 mL of a 1.5 M stock solution of aqueous Fe(NO3)3 to the MF mixture 
after the acidifying step (M:F:Si:Fe = 3:1:0.2:0.01). Other than this change, the remaining steps 
followed the same drying and carbonizing procedures as MF-NC. The Fe/MF-NC materials only 
underwent the additional heat treatment at 950°C for 4hrs.  
 
 
Figure 2.3 MF-NC product before (left) and after (right) addition of iron 
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Table 2.1 provides the nomenclature used to identify the carbon samples obtained using 
two different SiO2 contents (A and B) and exposed to different annealing conditions. 
 








1. 850°C, 1.5 h






1. 850°C, 1.5 h
2.  1500°C, 2 h
} 
Fe/MF-NC_SiO2A_950 80 {
1. 850°C, 1.5 h
2.  950°C, 4 h
} 
VC# Vulcan Carbon XC-72, reference material 
# For the platinized samples, the same notation was used with the addition of Pt/ like in the case Pt/MF-NC_SiO2A_950 
 
 
2.4 Materials Characterization Studies 
 
The amount of silica left over after the dissolution and washing steps, as well as the Pt and 
Fe content in the samples were determined by thermogravimetric analysis (TGA) using a TA 
instruments Q600 SDT thermal analyzer. For these studies, the materials were heated under air (50 
mL min-1) at a temperature scan rate of 10 ℃ min-1 from 30 to 1000 ℃ using ~10 mg of sample. 
Similarly, thermogravimetric analysis under nitrogen (50 mL min-1) at a temperature scan rate of 
10 ℃ min-1 from 30 to 1000 ℃ was also performed to investigate changes in the polymer structure 
upon heating and establishing the best conditions for the carbonization step.  
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N2 adsorption experiments were performed to determine the surface area and pore size 
distribution of the mesoporous materials. The studies were carried out with a Micrometrics TriStar 
II Plus system, using ~ 0.1 g of sample that it was exposed to a six hour degassing step at 110 °C 
before the measurements. Data analysis was done with MicroActive for TriStar II Plus software.  
The structural properties of the carbon samples were investigated using both Raman 
spectroscopy and powder X-ray diffraction (XRD). A Renishaw inVia Raman spectrometer with 
a 532 nm solid-state laser source (50 mW nominal power) was used to measure the relative 
intensities, ID and IG, and full width at half maximum (FWHM) of the D and G bands in the 
spectrum of each carbon product to evaluate the degree of graphitization and order in the carbon 
samples. The spectra were collected from 100 cm-1 to 4000 cm-1 at 0.5% laser power, 15 s exposure 
time, 10 accumulations, with a binning setting of 3. The analysis of the spectra was performed 
using Fityk 2019 software.  
Powder X-ray diffraction (XRD) analysis was performed using a Rigaku Ultima IV X-ray 
diffractometer with Cu-Kα radiation (λ = 0.15418 nm) at 40 kV (44 mA), in order to evaluate the 
crystal structure and degree of graphitization of the carbon materials. The XRD diffractograms of 





                                                        (2.1) 
where K is a dimensionless shape factor that for Pt is equal to 0.94, λ is the X-ray wavelength, 
while B(2) is the FWHM of the peak; in this case, the Pt(111) peak was used for the calculations 
[87]. 
X-ray photoelectron spectroscopy (XPS) measurements were performed to identify the 
chemical and electronic states of the elements on the surface of the carbon samples. The studies 
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were carried out using a ThermoFisher ESCALAB 250Xi instrument with monochromatic Al K-
alpha radiation used (1486.6 eV) with a spot size of 900 microns at the University of Toronto.   
 
2.5 Electrochemical characterization 
 
Electrochemical studies were carried out using inks deposited on glassy carbon (GC) 
electrodes. The electrodes were polished sequentially with alumina powder (CH Instruments 
INC.), 1.0 μm, 0.3 μm, and lastly, 0.05 μm) using separate microcloth polishing pads. Between 
each polishing step, the electrodes were washed with DI water and sonicated for 2 minutes. Lastly, 
the electrode was then washed with DI water to ensure the surface of the GC was shiny.   
 
 
Figure 2.4 The surface of the GCE after polishing (left) and after depositing the ink (right) 
 
To prepare the ink, catalyst powder (3.0 mg) was added to a 1.5 mL microcentrifuge tube 
with a cone bottom. Deionized water (50 mg) was first added dropwise to wet the carbon. 
Secondly, isopropanol (50 mg) was added dropwise. Lastly, 30 wt% Nafion® solution (35 mg) 
was added to act as the binder. The tube was sealed using Parafilm® to avoid solution evaporation, 
and then the mixture was moved to an ultrasonic bath for 30 minutes to ensure proper dispersion 
of the catalyst [88]. Approximately 5.6 mg of the ink was transferred to the surface of the polished 
electrode using micro-syringe. The catalyst layer was allowed to dry at room temperature (Figure 




Electrochemical studies were carried out in three-electrode conventional cells and using a 
Hg/HgSO4 reference electrode. A factor of 0.65V was used to convert the reference electrode 
potential to NHE [89]. Measurements were performed at room temperature using a Gamry 
Reference 600 potentiostat and Gamry Instruments Frameworks and EChem Analyst software.  
 
2.5.1 Electrochemical active surface area determination (ECSA) 
 
The ECSA of Pt was determined from the cyclic voltammograms (CVs) obtained in 
deaerated 0.5M H2SO4 aqueous solutions at room temperature using 0.03 cm diameter (0.07 cm
2) 
glassy carbon electrodes (GCE). The ECSA was used as an indicator for the performance of 
catalysts and the carbon system as a whole. It was noted that when the carbon samples were not 
washed using the Soxhlet extraction apparatus, this led to an unclean product that needed to 
undergo many cycles in order to obtain a reproducible ECSA. Fig. 2.5 depicts the example of a 
Pt/MF-NC_SiO2A_950 that was not cleaned using the Soxhlet apparatus, before and after 80 
cycles in a potential range between 0.0 to 1.2 V vs NHE at a scan rate of 50 mV/s. As a result, 





Figure 2.5 CV of Pt/MF-NC_SiO2A_950, before and after 80 cycles between 0.0 to 1.2 V vs 
NHE at a scan rate of 50 mV/s in deareated 0.5 M H2SO4 at room temperature. 
 
Typically, the ECSA of the Pt catalyst materials was determined after cycling the potential 
between 0.0 and 1.2 V (vs NHE) for 5 cycles at a scan rate of 50 mV/s to clean the surface of the 
electrode, after which a reproducible ECSA was achieved. The ECSA of the samples was 















  mass Pt(𝑔)
                                    (2.2) 
where Q (C) corresponds to the charge obtained by integration of the hydrogen desorption peaks 
between 0.005 and 0.300 V vs NHE after correction by double-layer capacitance, and the other 
parameters are the mass of Pt and the charge density associated with the adsorption of  a monolayer 
of hydrogen on polycrystalline Pt (210 C/m2) [22]. Figure 2.6 shows a typical example of 
integration for the cyclic voltammogram of the sample, Pt/MF-NC_SiO2A_950.  
E (V vs NHE)


































Figure 2.6 Typical CV curve showing the integration region (hydrogen desorption on Pt) 
between 0.005 to 0.30 V vs NHE at a 20 mV/s scan rate used to calculate the reported ECSA 
 
In order to estimate the Pt utilization efficiency of the sample, the Pt specific surface area 
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                                              (2.3) 
where 6000 is a constant that results from assuming spherical Pt nanoparticles and unit conversion 
factors, dPt is the diameter of the Pt nanoparticles, that in this case, was assumed equal to the Pt 
crystallite size (nm) estimated using XRD (Eq. 2.1), like in reference [87], and ρ (21.45 g/cm3) is 





2.5.2 Pt and Carbon Stability Studies 
 
The stability of the catalyst was examined by cycling the potential for 4000 cycles from 
0.0 to 1.4 V vs NHE at a sweep rate of 50 mVs-1 in deaerated 0.5M H2SO4 at room temperature 
and using the ECSA as an indication of catalyst degradation.  
 
2.5.3 Oxygen Reduction Reaction 
 
The oxygen reduction reaction (ORR) was studied using a rotating disc electrode system 
(RDE). Linear sweep voltammogram (LSV) measurements were performed at room temperature 
in O2 saturated 0.5 M H2SO4 solution preparing by bubbling with O2 for 10 minutes before each 
run. The potential was swept from 1.0 to 0.4 V at a scan rate of 10 mV/s at various rotation rates 
from 1000 to 2000 rpm. 
When the rate of a half-cell reaction that occurs at an electrode surface is limited by both 
sluggish kinetics and mass transport, a rotating disk electrode system can provide both mass 
transport (such as the diffusion current, D) and kinetic information about the electrochemical 
process [90]. At high cathodic overpotentials, the ORR rate reaches a limiting value, which is 
evident by the flat limiting current plateau. By using the Koutecky-Levich equation (Eq. 2.4), 
kinetic current densities (ik) can be determined at intermediate potentials under both mass transfer 










                                     (2.4) 
In this equation, F is the Faraday constant (96,487 C/mol), A is the area of the electrode (0.238 
cm2), D is the diffusion coefficient of oxygen (1.93 x 10-5 cm2/s), and v is the kinematic viscosity 
of the solution (0.01 cm2/s). By plotting the reciprocal current (1/i) typically sampled along the 
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rising portion of each voltammogram vs. the reciprocal root (1/ω1/2) of the angular rotation rate in 
(rad/s), the resulting straight line has an intercept that is equal to the reciprocal kinetic current (1/ik) 
at that particular potential. The number of electrons transferred in the reduction of oxygen (n) can 
be estimated from the slope, owing that the other parameters involved in Eq. 2.4 are known. As an 
example, the difference in the slope in the Koutecky-Levich plots for the reduction of O2 to H2O2 
(n = 2) and H2O (n = 4) after assuming an arbitrary ik value is shown in Fig. 2.7. 
 
 
Figure 2.7 Typical Koutecky-Levich plot for the reduction of oxygen through the two possible 
mechanisms: n = 2 (formation of H2O2) and n = 4 (formation of H2O). 
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Chapter 3: Nitrogen-Doped Mesoporous Carbon Materials: Characterization 
Studies 
 
3.1 Optimization of Synthesis Conditions and Silica Content on Carbon Products 
 
 As mentioned in Chapter 2, N-doped mesoporous carbon materials were synthesized by 
carbonization of melamine-formaldehyde gels obtained in the presence of a silica hard-template. 
Therefore, thermogravimetric analysis (TGA) was used to get insight on the carbonization process 
of the dried polymers under argon. The mass loss percent and the derivative of the mass loss with 
temperature results are summarized in Figure 3.1A, along with the corresponding differential 
scanning calorimetry (DSC) data in Figure 3.1B.  Merline et al. [78]  performed curing studies on 
the melamine formaldehyde resin  and attributed the mass loss changes to the processes 
summarized in Table 3.1.  The first observed mass loss at temperatures between ~ 140 oC -180 oC, 
has been attributed to the elimination of water due to condensation reactions between melamine 
and methylol groups in the polymer gel. At temperatures between 180 °C and 350 oC, the 
endothermic process in Figure 3.1B, has been assigned to formation of methylene bridges and 
elimination of formaldehyde. Other processes, like the breakdown of methylene bridges (350 – 
390 °C) and the thermal degradation of the triazine ring at temperatures higher than 400 oC are 
responsible for the structure and chemical composition of the carbon products obtained in this 
thesis work. As shown in Figure 3.1A, approximately 80 wt% of the polymer is lost during the 
carbonization step; this is comparable with other thermal stability studies involving melamine-
formaldehyde polymers [77, 78, 91, 92]. It is worth noting that in neither this or other studies, the 





Figure 3.1 A) TGA and B) DSC plots compared with the derivative weight plots 
of the MF polymer (Argon, 50 mL/min, 10°C/min  1000 °C). The direction of 














































































































































































































































































































To confirm the hard-template was successfully incorporated in the polymer gel, the silica 
contents in the final polymer samples was also estimated using TGA. The thermograms in Fig. 3.2 
correspond to the combustion of the MF-NC_SiO2A_850 and MF-NC_SiO2B_850 before and 
after removing the hard template, along with VC, adopted as the reference material.  
 
 
Figure 3.2 TGA of MF-NC_SiO2A_850 and MF-NC_SiO2B_850 (washed — and 
unwashed ---) compared with pristine VC (Air, 50 mL/min, 10 °C/min  1000 °C) 
 
The silica content for MF-NC_SiO2A_850 and MF-NC_SiO2B_850 were found to be close 
to the nominal values, 80 wt% and 60 wt%, respectively, as inferred from the plateau regions at 
temperatures higher than 650 oC (dashed lines). While the amount of trapped silica in the carbon 
samples after the dissolution and washing steps (solid lines) was less than 3 wt% in all the samples 




























3.2 The Role of the Hard Template on Surface Area and Pore Size Distribution 
 
N2 adsorption/desorption experiments were completed on the carbon samples after 
removing the hard-template to study the morphology of the synthesized carbon products. The 
adsorption/desorption isotherms for the different carbon samples after degassing for 6 hours at 
110°C are shown in Figure 3.3. The expected hysteresis loop characteristic of mesoporous 
materials (type IV isotherm IUPAC classification) in clearly visible in all these samples [52]. 
Additionally, the pronounced hysteresis shape is attributed to be from the existence of uniform 
spherical pores having narrow pore distribution that are often present in platelet-shaped, graphitic 
carbon nitride materials [93]. 
 
 
Figure 3.3 Nitrogen adsorption isotherms at 77 K with arrows depicting adsorption 
(up) and desorption (down) curves 
 
The inherent porosity of carbon gels obtained under identical conditions in the absence of 
silica was also investigated. This material was for the most part, non-porous, since the surface area 
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of the MF-NC sample was only 4.29 m2/g. The trapped solvent could create some porosity along 
with the elimination of volatile species formed during the combustion of the polymer (Fig. 3.1).  
As expected, the amount of SiO2 used as a hard-template highly influences both the surface 
area and pore size distribution of the MF-NC_SiO2 samples. For instance, carbons with 80 wt% 
SiO2 presented surface areas close to 500 m
2/g, but only 211 m2/g, in the cases of samples with 60 
wt% SiO2. These values are significantly higher than those for the MF-NC sample obtained in the 
absence of the hard-template. After a second heat treatment at higher temperatures, the BET areas 
were 444 and 213 m2/g for MF-NC_SiO2A_950 and MF-NC_SiO2B_950, respectively — a 
relatively low change considering the annealing temperature. 
The pore size distribution curves for the samples in Fig. 3.3 are summarized in Figure 3.4. 
All the curves present a maximum at around 10-12 nm, which is consistent with the 20 nm size of 
the SiO2 particles.  The changes in both surface area and porosity with a second heat treatment are 
expected since this process was carried out after removing the hard-template. Furthermore, there 
is also a risk of carbon pore collapse upon SiO2 dissolution. The surface areas given in Table 3.2 
are similar to literature values for other carbon materials obtained using SiO2 nanoparticles as 
templates, including colloid imprinted carbons (CICs) for which surface areas range from 150-380 
m-








Figure 3.4 Barrett-Joyner-Halenda (BJH) incremental pore size distribution plots of MF-
NC_SiO2 samples after removal of the hard template and degassing for 6 hours at 110 °C 
 








MF-NC (no SiO2) 4.29 0.01 This work
 
MF-NC_SiO2A_950
 444 1.01 Ibid 
MF-NC_SiO2B_950 213 0.63 Ibid 
MF-NC_SiO2B_1500
# --- ---  
VC 240-250 0.63 [89] 






3.2 Crystalline Structure and Graphitization Degree 
 
 Raman spectroscopy was performed to obtain information about the degree of order on 
carbon materials through the analysis of the characteristic D (~1360 cm-1) and G (~1600 cm-1) 
bands of carbon. It is known, the D band is due to the disordered or amorphous components of 
carbon, while the G band is associated with graphitic carbon [94]. Typically, the lower the intensity 
ratio between these two bands, ID/IG, the higher the content of sp
2 hybridized carbon, which 
correlates to a more graphitic structure, and less sp3 carbon content [94, 95]. The Raman spectra 
for the carbon samples are summarized in Fig. 3.5.  
 
 
Figure 3.5  Raman spectra for MF-NC_SiO2B_850, MF-NC_SiO2B_950, 
and MF-NC_SiO2B_1500 (100 cm-1 to 4000 cm-1 at 0.5% laser power, 15 




As shown, the bandwidth of the Raman bands becomes narrower and well-defined as the 
heat treatments increased in temperature, indicating a more crystalline material. The D and G bands 
labelled in Figure 3.5 were deconvoluted and integrated (Lorentzian model) using the peak fitting 
program, Fityk [96], to obtain the integral intensities of the bands, ID and IG, respectively. The 
results are summarized in Table 3.3, along with those obtained for the reference material, VC.   
 
Table 3.3: Raman ID/IG values for MF-NC_SiO2 samples 
Sample Name 
Raman 






#Raman was not performed on MF-NC_SiO2A_950 due to instrument failure. 
 
 
Interestingly, there is only a slight difference in the ID/IG ratio for samples obtained with 
similar hard template content and annealed at 950 °C and 1500 °C, which might be due to small 
crystalline domains containing many disordered carbons or defects in the border [52, 97]. Feng et 
al. [98] looked at the microstructure and adsorption properties of heat-treated coal chars and 
proposed that at high temperatures, the presence of amorphous carbon between crystallites tend to 
form. There are also cases of nitrogen doping that may enhance defects, leading to an increased 
ID/IG ratio [32, 99]. This is also supported by the small features at 2950 cm
-1, which may be 






The Raman results are expected and consistent with the changes observed in the X-ray 
diffractograms for these samples.  The diffraction peaks at 2θ = 25.2° and 43.7° in Figure 3.6 are 
attributed to the (002) and (100) planes of carbon, respectively [47]. The observed broad peaks 
indicate the amorphous nature of mesoporous carbons annealed at temperatures lower than 1000  
oC, and the significant improvement at 1500 oC. Further XRD analysis on the Pt deposited samples 
is discussed in Chapter 4.  
 
 
Figure 3.6 XRD diffractograms of MF-NC_SiO2B_850, MF-NC_SiO2B_950, 




3.3 Surface Functional Groups and Nitrogen Content of the Carbon Materials 
 
Because of the relevance of the presence of surface functional groups on carbon play a 
significant role in the material surface chemistry and electrochemical properties, XPS was used to 
evaluate the impact of the annealing step on the N and O contents and the surface functional 
groups. The full XPS survey scans (Figure 3.7) show the elements present on the surface of the 
carbon samples, with the results summarized in Table 3.4. 
 
Table 3.4: XPS analysis comparing the MF-NC_SiO2B_950 and MF-
NC_SiO2B_1500 samples with VC 
Sample C (atom%) O (atom%) N (atom%) 
MF-NC_SiO2B_950 86.9 3.9 8.1 
MF-NC_SiO2B_1500 90.9 7.9 0.8 
VC 94.4 5.2 0.3 
 
 
The sharp decrease in nitrogen upon heating, from 8.1 atom% to 0.8 atom%, for MF-
NC_SiO2B_950 and MF-NC_SiO2B_1500, respectively, is a drawback, but it is not unexpected at 
the temperatures involved.  The different nitrogen and oxygen functional groups were identified 
by the deconvolution of the C1s and N1s XPS bands, Fig. 3.8 and 3.9, respectively, and comparison 
with literature values [101]. The results are summarized in Table 3.5 and Table 3.6, and the atomic 
percentages of all the carbon and nitrogen functional groups present in each sample in Tables 3.7 
an 3.8. As shown in Fig. 3.9B, because of the poor signal-to-noise ratio in the case of the sample 
annealed at 1500°C, the deconvolution was carried out by assignation of the bands based on the 







Figure 3.7 XPS survey scans of A) MF-NC_SiO2B_950, B) MF-NC_SiO2B_1500, and C) VC, 














Figure 3.8 C1s spectra of A) MF-NC_SiO2B_950, B) MF-NC_SiO2B_1500, and C) VC, Al K-






































Figure 3.9 N1s spectra of A) MF-NC_SiO2B_950 and B) MF-NC_SiO2B_1500, Al K-alpha 































Terzyk et. al [102] 
 
 
Biniak et al. [101] 
 
Carbidic 282.6 – 283.19 --- 282.6 - 282.9 
Graphitic 284.1 – 284.9 284.2 – 284.9 284.6 - 285.1 
C-O 285.7 – 286.11 285.4 – 286.3 286.3 - 287.0 
C-N 286.84 286.3 – 287.5 --- 
C=O 287.2 – 288.1 287.2 – 287.9 287.5 - 288.1 
COO- 288.2 -290.8 288.7 – 289.3 289.3 - 290.0 
Aromatic 291.7 – 293.0 291.0 – 291.6 291.2 - 292.1 
 
 
Table 3.6: XPS binding energies (BE) for N1s bands 
Functional Group 
BE (eV) 
This work Kundu et al.  [103] Kapteijn et. al [104] 
Pyridinic N 397.8 398.4 ± 0.2 398.7 ± 0.3 
Pyrrolic N 399.1 400.1 ± 0.1 400.3 ± 0.3 
Quaternary N 400.8 401.0 ± 0.1 401.4 ± 0.5 
Pyridine N-oxides 402.5 402.2 ± 0.1 402 - 405 
Chemisorbed nitrogen 
oxides 







Between parentheses, binding energy (BE) in eV 
 
 














B.E. (eV) 397 .8 399.1 400.8 402.5 404.9 
Sample   Atomic %   
MF-NC_SiO2B_950 35 11 37 10 7 






































































The graphitic carbon content in both MF-NC_SiO2_1500 and VC are both much higher 
than that of MF-NC_SiO2 (atom% values of 71.6, 73.9, and 60.0 respectively).  
MF_NC_SiO2B_950 not only has a higher nitrogen content and a characteristic C-N peak at 286.8 
eV, but also ~35 atom% and 37 atom% of the total N are pyridinic-N and graphitic-N, respectively. 
This is encouraging since several groups have reported that pyridinic and graphitic-N present in 
the carbon support were the active sites to enhance ORR activity in both metal-free and metal-
based catalysts  [61, 69–71].  The graphitic-N content in MF_NC_SiO2B_1500 is higher than in 




Chapter 4: Pt/MF-NC Characterization Studies: Results and Discussion 
 
To facilitate the analysis of platinized samples prepared using different type of MF-NC 
samples with either 80 wt% (A) and 60 wt% (B) silica, the electrochemical results will be analyzed 
independently, and compared at the end of this chapter.  
 
4.1 Characterization results for MF-NC_SiO2B platinized samples 
Platinum Content and Crystallite Size 
The Pt content in the case of platinized samples was determined by TGA (Fig. 4.1). For 
Pt/MF-NC_SiO2B_950, and Pt/MF-NC_SiO2B_1500, the amount of Pt was 15 wt% and 13 wt%, 
respectively. The combustion temperature of the Pt/MF-NC_SiO2B_1500 was close to that 
observed for VC, and significantly higher than the combustion temperature of a sample heat-
treated at 950 °C. As expected, the second heat treatment at 1500 °C had a positive effect on the 
oxidative stability of the material. This is due to the removal of any defect sites in the samples that 




Figure 4.1 TGA of Pt/VC, Pt/MF-NC_SiO2B_950, and Pt/MF-NC_SiO2B_1500 (air, 50 
mL/min, 10 °C/min  850 °C) 
 
The crystal structure and crystallite size were investigated by XRD, with the diffractograms 
displayed in Figure 4.2. As mentioned, the smaller peaks at around 26° correspond to the (002) 
and (001) Bragg planes expected for the graphitic carbons [86]. The sharp diffraction peaks at 
39.9°, 46.4°, 67.6° and 81.3° are attributed to face-centered cubic (fcc) crystalline Pt and assigned 
to the planes: (111), (200), (220), and (311) in previous studies for supported Pt nanoparticles 




Figure 4.2 XRD patterns of Pt/MF-NC_SiO2B_1500, Pt/MF-NC_SiO2B_950, and Pt/VC 
(Cu, λ = 0.15418 nm, at 40 kV) 
 
It is noticeable that the (002) graphitic carbon peak for the two Pt-MF-NC_SiO2B samples 
shifts to a higher diffraction angle. This is likely due to the impact of nitrogen on the crystal 
structure [107]. It could also be an indication that the bulk nitrogen content in the sample annealed 
at 1500 °C is higher than the values obtained from the XPS spectra. 
The Scherrer’s formula (Eq. 2.1) was used to evaluate the average Pt crystallite size in the 
samples and estimate Pt utilization (Eq. 2.3). The average Pt crystallite sizes obtained for 
Pt/MF_SiO2B_950, Pt/MF_SiO2B_1500, and Pt/VC were 7.1 nm, 7.6 nm, and 6.3 nm, 
respectively. It was noted that the deposition method resulted in relatively large particles, even for 
the deposition of Pt on the reference carbon sample (Pt/VC). The fact that the crystallite size of Pt 
52 
 
on the MF-NC samples is greater than that in VC may be due to the surface properties of this 
material. 
Analyzing Pt Oxidation State using XPS 
The Pt oxidation states for the platinized samples were analyzed by using XPS. Figure 4.3 
depicts the Pt4f spectra obtained for the Pt/MF-NC_SiO2B_950, Pt/MF-NC_SiO2B_150, and 
Pt/VC samples, along with the deconvolution results (Figure 4.4). The assignation of these bands 
to different Pt species in the carbon samples was carried out by comparison with other XPS studies 
for Pt on carbon and doped carbon samples. The results are summarized in Tables 4.1 and 4.2. 
 
 

























Figure 4.4  XPS Pt4f spectra for A) Pt/MF-NC_SiO2B_950, B) Pt/MF-NC_SiO2B_1500, and C) 




Table 4.1: XPS binding energies (BE) for Pt4f bands 
 
B.E (eV) 








Species _SiO2B_950 _SiO2B_1500  
  
Pt0 
70.8 70.7 70.7 70.9 71.4 
74.1 74.1 74.1 74.1 74.8 
Pt2+ 
71.5 71.4 71.5 72.0 72.7 
74.9 74.8 74.9 75.3 76.1 
Pt4+ 
73.1 73.1 73.4 73.5 75.1 
76.5 76.5 76.7 77.5 78.4 
 
 








Pt/MF-NC_SiO2B_ 1500 44.8 29.3 26.0 
Pt/MF-NC_SiO2B_950 44.2 32.0 23. 8 






The obtained binding energies for the Pt peaks all have comparable values with each other, 
and no significant shifts were observed. Both the Pt/MF-NC_SiO2B_1500 and Pt/MF-
NC_SiO2B_950 samples had a higher percentage of metallic Pt compared to that of the reference 
material, Pt/VC (~ 45 atom% vs 36 atom% for Pt/VC). Pt0 is significantly higher than Pt2+ and Pt4+ 
on the surface of N-doped carbons; the effect could be associated to strong metal/support 
interaction, expected to improve the catalyst stability and activity [108].  
 
4.2 Electrochemical Surface Area (ECSA) Determination and Stability  
 
 As mentioned in Chapter 2, the ECSA of Pt by integration of the hydrogen desorption 
peaks after correction by double-layer capacitance, and assuming a standard charge density of 
210C/cm2 for polycrystalline Pt [86]. Typical CVs in deaerated 0.5 M H2SO4 for the Pt samples 
on the different MF-NC samples and Pt/VC are shown in Fig. 4.5. The obtained ECSA values are 







Figure 4.5 Cyclic voltammograms of Pt/MF-NC_SiO2B_950, Pt/MF-NC_SiO2B_1500, and 












Pt utilization based 
on XRD data 
Pt/VC 18 33.6 ± 2.9 (6) 76% 
Pt/ MF-NC_SiO2B_950 15 38.2 ± 4.3 (3) 97% 
Pt/ MF-NC_SiO2B_1500 13 40.5 ± 4.5 (7) 106% 




A main noticeable difference between CVs in Figure 4.5 is the lower double-layer 
capacitance of VC when compared with the MF-NC samples. Since the Pt content on the samples 
is comparable, and the Pt particle size is more prominent in the N-doped carbon samples, the higher 
ECSA values for Pt/MF_NC_SiO2_950 and Pt/MF-NC_SiO2B_1500 would be due to the presence 
of nitrogen functional groups on carbon. Nevertheless, the nitrogen content in the sample annealed 
at 1500 oC is less than 1 atom%; then the higher Pt utilization, in this case, could be due to a higher 
degree of graphitization, which is consistent with the Raman and XRD spectra. The removal of 
pore-blocking pyrolysis products can also contribute to its performance as well. 
The Pt utilization values summarized in Table 4.3 are promising since the sample annealed 
at 950 °C has a performance that is close to that obtained at a much higher temperature and 
corresponds to a sample with ~ 8 atom% N. However, it would be convenient to perform 
Transmission Electron Microscopy (TEM) on all of the Pt deposited samples to confirm the Pt 
particle size distribution. 
 
 Stability Studies 
In acid media, carbon corrosion can take place at high positive potentials along with Pt 
dissolution and aggregation [109]. These processes are illustrated in Fig. 4.6. Dissolved Pt can 
either deposit on existing Pt particles to form aggregates or diffuse into inaccessible portions of 







Figure 4.6 Schematic diagram of carbon corrosion and platinum dissolution (Pt particles = 
grey spheres), migration and agglomeration. Modified from Ref. [110] with permission from 
Beilstein J. of Nanotechnol. 
 
Therefore accelerated ageing tests were carried out to investigate the stability of the catalyst 
materials under oxidizing and acidic conditions. The test involved cycling the potential between 0 
and 1.4 V vs NHE in deaerated 0.5 M H2SO4 for 4000 cycles. Since Pt dissolution plays a major 
role in ECSA loss [109], the ECSA was used as an indication of catalyst degradation. In the past, 
this method has been used to evaluate the stability of Pt on carbon and TiO2/carbon substrates [86]. 
The resulting stability test CVs for Pt/MF-NC_SiO2B_1500, Pt/MF-NC_SiO2B_950, and Pt/VC 













Figure 4.7 4000 cycle stability test CVs for A) Pt/MF-NC_SiO2B_1500, B) Pt/MF-





The CVs reveal changes associated with carbon corrosion, evidenced by the 
quinone/hydroquinone peaks at 0.55 - 0.6 V that are more notorious as the number of cycles 
increases. Platinum dissolution is also present and evidenced by the reduction in the ECSA as the 
number of cycles increases (Fig. 4.8).  
 
 
Figure 4.8 Stability test comparison graph for Pt/MF-NC_SiO2B_1500, Pt/MF-
NC_SiO2B_950, and Pt/VC. 
 
As shown, despite there are significant improvements when compared with samples 
annealed at lower temperatures (not shown), the Pt/MF_NC_SiO2 samples performance is 
comparable with that observed for Pt/VC. After 4000 cycles, the end-of-life ECSA for the samples 





4.3 Oxygen Reduction Reaction (ORR) Studies 
 
 As mentioned, the ORR was studied by linear sweep voltammetry under ambient 
conditions using a rotating disk electrode (RDE) system in O2 saturated 0.5 M H2SO4. When 
diffusion is the rate determining step, the diffusion of reactants determines the current density, j. 
At a specific rotating rate (1700 RPM), j will reach a plateau due to the mass transfer process [23] 
and be denoted as the limiting current (jL). E1/2 is the half-wave potential, which is obtained at j = 
jL/2. Both the onset potential and E1/2 can be used to assess the ORR activity for a given 
electrocatalyst.   
Fig. 4.9 displays the LSVs for the carbon materials (A) and the platinized samples (B) at a 
fixed rotation rate of 1700 RPM at 10 mV/s. In the case of the carbon samples without Pt, only 
MF-NC_SiO2B_950 with 8 atom% N shows some catalytic activity toward the reduction of O2, 
indicating that the effect of N is present. However, this sample followed a two e- pathway with the 








Figure 4.9 A) LSVs for MF-NC_SiO2B_1500, MF-NC_SiO2B_950, and VC; B) LSVs for 
Pt/MF-NC_SiO2B_1500, Pt/MF-NC_SiO2B_950, and Pt/VC in oxygen-saturated 0.5M H2SO4 at 
1700RPM and a sweep rate of 10 mV s-1. 
  
E (V) vs NHE
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The presence of Pt on this substrate (Pt/MF-NC_SiO2B_950) positively impacts the onset 
and half-wave potentials for the ORR. However, the limiting current is considerably lower than 
those for the sample annealed at 1500 °C (Pt/MF-NC_SiO2_1500) and Pt/VC, and the same applies 
to other rotation speeds. The onset and half-wave potentials for these samples are far from the 
reversible potential (E°) for the ORR at 25 °C (1.23 V vs RHE). However, the values are close to 
those reported for similar Pt/N-C ORR catalyst materials in acidic media [111]. 
As discussed in Chapter 2, the Koutecky-Levich equation (Eq. 2.4) was used to evaluate the 
activity of the catalyst toward the ORR. Figures 4.10 – 4.12 show the LSVs for Pt/MF-
NC_SiO2B_1500, Pt/MF-NC_SiO2B_950, and Pt/VC and the corresponding Koutecky-Levich 








Figure 4.10 A) LSV of Pt/MF-NC_SiO2B_1500 in oxygen-saturated 0.5M H2SO4 at various 
rotation speeds and a sweep rate of 10 mV s-1; B) corresponding Koutecky-Levich plot. 
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Figure 4.11 A) LSV of Pt/MF-NC_SiO2B_950 in oxygen-saturated 0.5M H2SO4 at various 
rotation speeds and a sweep rate of 10 mV s-1; B) corresponding Koutecky-Levich plot. 
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Figure 4.12 A) LSV of Pt/VC in oxygen-saturated 0.5M H2SO4 at various rotation speeds and a 
sweep rate of 10 mV s-1; B) corresponding Koutecky-Levich plot. 
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The electrochemical reduction of oxygen on both Pt/VC and Pt/MF-NC_SiO2B_1500 
proceeds through a 4e- process (O2 + 4 H
+ + 4e-  2 H2O), with a slightly better performance in 
terms of onset potential and kinetic current in the case of Pt/VC, which could be due to the 
micro/mesoporous structure of the sample annealed at 1500 oC. It is not fully clear why the 
reduction reaction for Pt/MF-NC_SiO2B_950, follows a 2e- pathway with formation of H2O2 (O2 
+ 2 H+ + 2e-   H2O2), but it may be attributed to the structure of this sample as a consequence of 
a combination of annealing temperature and silica content. The next section will compare the 
electrochemical results for the sample with more silica content annealed at the same conditions at 
950 °C, Pt/MF-NC_SiO2A_950. 
 
4.4 The Effect of Silica Content on the Electrochemical Performance of Pt on N-doped 
carbons 
ECSA and Stability of Pt/MF-NC_SiO2A_950 
Typical CVs in deaerated 0.5 M H2SO4 for the Pt samples annealed at 950 °C for 4 hours 
with two different silica contents are shown in Fig. 4.13, compared with Pt/VC. The obtained 











Pt/VC 0.93 0.83 4.0 11.7 
Pt/ MF-NC_SiO2B_950 0.91 0.88 1.9 20.2 




Figure 4.13 Cyclic voltammograms of Pt/MF-NC_SiO2A_950 and Pt/MF-NC_SiO2B_950, 
and Pt/VC in deaerated 0.5M H2SO4 (scan rate: 50 mV/s, reference electrode: Hg/HgSO4) 
 







Pt/VC 18% 33.6 ± 2.9 (6) 
Pt/ MF-NC_SiO2A_950 13% 39.0 ± 7.3 (6) 
Pt/ MF-NC_SiO2B_950 15% 38.2 ± 4.3 (3) 
#The number of samples is given between parenthesis 
  
 The ECSA values obtained for the Pt/MF-NC_SiO2 samples are comparable to Pt/VC 
within the combined experimental error. However, Pt utilization is more favorable on the N-doped 
carbon substrates. In terms of stability (Fig. 4.14), Pt/VC seems to perform better than both Pt/MF-
NC_SiO2A_950 and Pt/MF-NC_SiO2B_950 samples, despite all the samples undergoing severe 




Figure 4.14 Stability test comparison graph for Pt/MF-NC_SiO2A_950, Pt/MF-
NC_SiO2B_950 and Pt/VC 
 
ORR Comparison for Pt/MF-NC_SiO2A_950 
 Fig. 4.15 displays the LSVs for the platinized samples heat treated at 950 °C and Pt/VC at 
a fixed rotation rate of 1700 RPM at 10 mV/s in O2 saturated 0.5M H2SO4,  while Fig. 4.16 shows 
the corresponding KL plot for Pt/MF-NC_SiO2A_950 for electrode potentials between 0.72 V and 





Figure 4.15 LSVs for Pt/MF-NC_SiO2A_950, Pt/MF-NC_SiO2B_950, Pt/VC in 




Figure 4.16 Koutecky-Levich plot for Pt/MF-NC_SiO2A_950 at various potentials 
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 of electrons 
ik  
(mA cm-2) 
Pt/VC 0.93 0.83 4.0 11.7 
Pt/ MF-NC_SiO2A_950 0.87 0.80 3.7 3.6 
Pt/ MF-NC_SiO2B_950 0.91 0.88 1.9 20.2 
 
 In terms of onset potentials, Pt/VC and Pt/MF-NC_SiO2B_950 are comparable, while the 
overpotential for the Pt/MF-NC_SiO2A_950 sample is 60 mV higher than that for the reference 
material. Nevertheless, the number of electrons obtained from the K-L plots and summarized in 
Table 4.6 for the platinized N-doped carbons are lower than 4, indicating the formations of H2O2. 
It would be interesting to study the N-functionality of Pt/MF-NC_SiO2A_950 and how the 
increased porosity from the silica may affect its surface properties and electrochemical 
performance to explain the difference in the number of electrons. 
 
Iron Catalyst 
Typical LSVs for the Fe catalyst are shown in Fig. 4.17, along with the corresponding 
Koutecky-Levich plots for this sample for electrode potentials between 0.5 V and 0.6 V vs NHE. 
The onset and E1/2 potentials for Fe/MF_NC_SiO2A_950 are 0.77 V and 0.75V, respectively, the 
reaction in the studied potential range follows a two-electron process with a kinetic current at 0.50 








Figure 4.17 A) Fe/MF-NC_SiO2A_950 and MF-NC_SiO2B_950 in oxygen-saturated 0.5M 
H2SO4 at 1700RPM, with a sweep rate of 10 mV s
-1 B) Koutecky-Levich plot for Fe/MF-
NC_SiO2A_950 at various potentials. 
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Necessities for Fe-based catalysts for the ORR are widely recognized to contain disordered 
carbon content, surface nitrogen, and micropores in the catalyst [63]. Specifically, the Fe1(II)-N4 
active site is the expected contributor to the ORR activity of Fe-N/C catalysts [10]. Since the 
reaction mechanism on this sample was not as expected, this sample was not fully characterized. 
Instead, an alternative synthetic approach is in progress in our laboratory that is intended to control 
the Fe content and oxidation states, the active N-sites, and the mesoporosity of the sample. More 




Chapter 5: Conclusions and Future Work 
 
 As stated in the objectives, this research thesis was aimed to develop a simple synthetic 
approach for the production of N-doped mesoporous carbons with high nitrogen content and target 
N-functional groups, with the purpose of improving the catalytic activity toward the ORR and 
reducing or eliminating the need of Pt in the cathode compartment in PEMFCs or hydrogen 
electrolyzers.  For these applications, the catalyst support had to show an adequate chemical 
stability upon cycling the potential in acid media, have a high surface area or at least a surface area 
comparable to commercial carbons, and a reasonable micro/mesoporous structure.  
Overall, N-doped carbon materials (MF-NC) were obtained by carbonization of a MF 
polymer gel using silica nanoparticles (20 nm) as a hard template. The MF-NC_SiO2 products 
were exposed to different annealing post-treatments to investigate changes in structure, chemical 
composition, and other properties of the materials. Electrochemical studies were carried out in 
three different systems: (i) N-doped carbons, (ii) Pt/N-doped carbons, and (iii) Fe/N-doped 
carbons. For these and other characterization studies, VC and Pt/VC were used as reference 
materials. Below are listed specific goals that were reached as a result of this project. 
 
N-doped Carbon Materials 
 Mesoporous N-doped carbons (up to 8 N-atom%) were successfully synthesized by 
carbonization of melamine-formaldehyde gels. Surface areas of the MF-NC products 
ranged from ~210 - 450 m2/g and were highly influenced by the amount of SiO2 used. The 
multiple degassing reactions during the pyrolysis of the polymer may have also contributed 
to microporosity within the sample. 
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 Additional heat treatments induced graphitization of the carbon samples, but compromised 
the amount of nitrogen. This was evident in the sample annealed at 1500 oC, where the N 
content was ~ 1 atom% as determined using XPS analysis. 
 The sample with ~ 8 N-atom%, MF-NC_SiO2B_950, shows electrocatalytic activity 
towards the reduction of O2, indicating that the effect of N is present; however, the 
reduction of oxygen in acid media proceeded through a 2 e- pathway with formation of 
H2O2 instead of H2O.  Consequently, this material will not be useful for applications in fuel 
cells. The material can be convenient for applications involving the production of H2O2, 
which will be discussed in the section on future work. 
 
Platinized N-doped Carbon Materials 
 Average Pt sizes of the platinized samples were larger than what is required for these 
applications, however it is due to the deposition method that was selected to compare 
with previous studies in our lab. However, the same method was used with the 
reference material. In time, an alternate Pt deposition method can be used to result in 
smaller Pt particle sizes.  
 Pt0 was found to be the major species on the surface of all the platinized samples, which 
is preferred for electrochemical applications. 
 Pt/MF-NC_SiO2 samples gave reasonable ECSA (38 – 41 m2/g) values. The end-of-
life ECSA for the samples after 4000 cycles between 0 and 1.4 V vs NHE in 0.5 M 




 ORR studies indicate a preferential 4 e- transfer process for Pt/MF-NC_SiO2B_1500 
and a performance similar to that of Pt/VC. More studies are required to understand the 
reasons for the differences between samples with different silica content. 
 
Fe catalyst on N-doped carbon 
 Preliminary work completed on the Fe-N/C catalyst showed the reaction follows a two-
electron process with a kinetic current at 0.50 V equal to 10.4 mA cm-2 in acid media. 
Though this catalyst does not perform as required for PEMFCs, the results are 




Full Characterization of all Materials 
The Pt/MF-NC_SiO2B_1500 sample performed the best in terms of ECSA and ORR; 
however, there was not enough carbon sample to determine the BET surface area and pore size 
distribution. Obtaining the surface area and pore sizes of the sample heat treated at 1500 °C is 
crucial for this study, to obtain a full idea on how these additional heat treatments affects the 
structure of the MF-NC_SiO2B_1500. Furthermore, carrying out elemental analysis could be 
useful for the determination of bulk nitrogen content in all samples. Also, performing inductively 
coupled plasma atomic emission spectroscopy (ICP-OES) on all the platinized samples can 
confirm the TGA results. Fe content in the sample can be determined using ICP-OES, while 




Optimization of MF-NC 
The surface area of MF-NC_SiO2 samples is expected to greatly improve by removing the 
hard templates after the second annealing step. This prevents pore collapse that may occur during 
the secondary heat treatments. Another interesting experiment to be performed in the future would 
be to reduce the annealing temperature from 1500 to 1100 °C. That way graphitization can occur, 
while the nitrogen content will not be as compromised. 
As mentioned in Chapter 1, there are plenty of templating strategies that can be explored 
for these materials. For example, nanocrystalline cellulose can act as both a template and an O-
containing precursor [41] or using chitin or chitosan-nanocellulose fibers as additional sources of 
N [50]. Since cellulose is removed upon carbonization, there is no need for an additional washing 
step involving a strong base. Similarly, both chitosan and chitin are renewable, natural resources 
that can serve as templates and nitrogen-containing precursors [50]. 
 
Synthesis of Fe-N/C Non-precious Metal Electrocatalysts 
 M-N/C electrocatalysts have the greatest potential to reduce or replace precious metal- 
based electrocatalysts. Current work involves improving the results of Fe/MF-NC_SiO2A_950 by 
increasing the amount of Fe1(II)-N4 active sites, which is proposed to be the likely contributor to 
the increased ORR activities of Fe-N/C catalysts [10]. A recent study done by Li et al. [10] looked 
at the evolution pathway from Fe compounds to Fe1(II)-N4 sites through gas-phase. The group 
successfully synthesized ORR active, Fe-N/C catalysts via non-contact pyrolysis of FeCl2·4H2O 
with their N-C source. In the case of our MF-NC samples, a separate crucible containing 





Though the 4 e- pathway is the preferred mechanism for fuel cells, there are other 
electrochemical applications that favour the production of H2O2 [112–115]. A recent study by 
Jiang et al. [115] looked at various transition metal catalysts for the production of H2O2 from O2 
via the 2e- pathway for water disinfection applications. Also, Shiraishi et al. [114] synthesized RF 
resin-based, semiconductor photocatalysts for efficient H2O2 production under sunlight irradiation. 
H2O2 is storable, transportable, and generates electricity in a direct peroxide-peroxide fuel cell 
(DPPFC) [114]. These applications involving H2O2 show promise for catalysts that only underwent 
the 2 e- pathway, such as MF-NC_SiO2B_950 and Fe/MF-NC_SiO2A_950. These studies may 
contribute to the creation of non-precious metal-based photocatalysts for the growing interest in 
artificial photosynthesis of liquid solar fuels [114].  
 
Adsorption Studies for Wastewater Treatment 
 N-doped carbon materials can also be a great candidate for applications involving 
environmental remediation and filtration. The MF-NC_SiO2 samples are porous and also contain 
nitrogen functionalities which may increase the adsorptive capacities of certain molecules [73]. 
Modified carbons have great potential for the adsorption of radioactive materials [116], heavy 
metals [117], and organic molecules. There are also studies that use the MF resin itself for 
remediation and the sequestration of heavy metals [118]. 
Overall, this thesis confirmed that N-doped mesoporous carbon materials can be 
synthesized with the assistance of templating strategies. Subsequent heat treatment of the samples 
showed significant improvements in terms of crystallinity and conductivity, which is promising 
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Chapter 6: APPENDIX 
 
Permission to Reprint 
Figure 4.6 Schematic diagram of carbon corrosion and platinum dissolution (Pt particles = grey 
spheres), migration and agglomeration. Modified from Ref. [111] with permission from Beilstein 
J. of Nanotechnol. 
Full Beilstein-Institut Open Access License Agreement 1.1 
(Identical to the 'Creative Commons Attribution 2.0 License') 
THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS BEILSTEIN-
INSTITUT OPEN ACCESS LICENSE ("LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT 
AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED 
UNDER THIS LICENSE IS PROHIBITED. 
BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE 
TO BE BOUND BY THE TERMS OF THIS LICENSE. THE LICENSOR GRANTS YOU THE RIGHTS 
CONTAINED HERE IN CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND 
CONDITIONS. 
1. Definitions 
a. "Collective Work" means a work, such as a periodical issue, anthology or encyclopedia, in which the Work 
in its entirety in unmodified form, along with a number of other contributions, constituting separate and 
independent works in themselves, are assembled into a collective whole. A work that constitutes a Collective 
Work will not be considered a Derivative Work (as defined below) for the purposes of this License. 
b. "Derivative Work" means a work based upon the Work or upon the Work and other pre-existing works, such 
as a translation, musical arrangement, dramatization, fictionalization, motion picture version, sound recording, 
art reproduction, abridgment, condensation, or any other form in which the Work may be recast, transformed, 
or adapted, except that a work that constitutes a Collective Work will not be considered a Derivative Work for 
the purpose of this License. For the avoidance of doubt, where the Work is a musical composition or sound 
recording, the synchronization of the Work in timed-relation with a moving image ("synching") will be 
considered a Derivative Work for the purpose of this License. 
c. "Licensor" means the individual or entity that offers the Work under the terms of this License. 
d. "Original Author" means the individual or entity who created the Work. 
e. "Work" means the copyrightable work of authorship offered under the terms of this License. 
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f. "You" means an individual or entity exercising rights under this License who has not previously violated the 
terms of this License with respect to the Work, or who has received express permission from the Licensor to 
exercise rights under this License despite a previous violation. 
 
2. Fair Use Rights 
Nothing in this license is intended to reduce, limit, or restrict any rights arising from fair use, first sale 
or other limitations on the exclusive rights of the copyright owner under copyright law or other 
applicable laws. 
3. License Grant 
Subject to the terms and conditions of this License, Licensor hereby grants You a worldwide, royalty-
free, non-exclusive, perpetual (for the duration of the applicable copyright) license to exercise the 
rights in the Work as stated below: 
a. to reproduce the Work, to incorporate the Work into one or more Collective Works, and to reproduce the Work 
as incorporated in the Collective Works; 
b. to create and reproduce Derivative Works; 
c. to distribute copies or phonorecords of, display publicly, perform publicly, and perform publicly by means of a 
digital audio transmission the Work including as incorporated in Collective Works; 
d. to distribute copies or phonorecords of, display publicly, perform publicly, and perform publicly by means of a 
digital audio transmission Derivative Works; 
e. For the avoidance of doubt, where the work is a musical composition: 
i. Performance Royalties Under Blanket Licenses. Licensor waives the exclusive right to collect, whether 
individually or via a performance rights society (e.g. ASCAP, BMI, SESAC), royalties for the public 
performance or public digital performance (e.g. webcast) of the Work. 
ii. Mechanical Rights and Statutory Royalties. Licensor waives the exclusive right to collect, whether 
individually or via a music rights agency or designated agent (e.g. Harry Fox Agency), royalties for any 
phonorecord You create from the Work ("cover version") and distribute, subject to the compulsory license 
created by 17 USC Section 115 of the US Copyright Act (or the equivalent in other jurisdictions). 
f. Webcasting Rights and Statutory Royalties. For the avoidance of doubt, where the Work is a sound 
recording, Licensor waives the exclusive right to collect, whether individually or via a performance-rights 
society (e.g. SoundExchange), royalties for the public digital performance (e.g. webcast) of the Work, subject 




The above rights may be exercised in all media and formats whether now known or hereafter 
devised. The above rights include the right to make such modifications as are technically necessary 
to exercise the rights in other media and formats. All rights not expressly granted by Licensor are 
hereby reserved. 
4. Restrictions 
The license granted in Section 3 above is expressly made subject to and limited by the following 
restrictions: 
a. You may distribute, publicly display, publicly perform, or publicly digitally perform the Work only under the 
terms of this License, and You must include a copy of, or the Uniform Resource Identifier for, this License 
with every copy or phonorecord of the Work You distribute, publicly display, publicly perform, or publicly 
digitally perform. You may not offer or impose any terms on the Work that alter or restrict the terms of this 
License or the recipients' exercise of the rights granted hereunder. You may not sublicense the Work. You 
must keep intact all notices that refer to this License and to the disclaimer of warranties. You may not 
distribute, publicly display, publicly perform, or publicly digitally perform the Work with any technological 
measures that control access or use of the Work in a manner inconsistent with the terms of this License 
Agreement. The above applies to the Work as incorporated in a Collective Work, but this does not require the 
Collective Work apart from the Work itself to be made subject to the terms of this License. If You create a 
Collective Work, upon notice from any Licensor You must, to the extent practicable, remove from the 
Collective Work any reference to such Licensor or the Original Author, as requested. If You create a 
Derivative Work, upon notice from any Licensor You must, to the extent practicable, remove from the 
Derivative Work any reference to such Licensor or the Original Author, as requested. 
b. If you distribute, publicly display, publicly perform, or publicly digitally perform the Work or any Derivative 
Works or Collective Works, You must keep intact all copyright notices for the Work and give the Original 
Author credit reasonable to the medium or means You are utilizing by conveying the name (or pseudonym if 
applicable) of the Original Author if supplied; the title of the Work if supplied; to the extent reasonably 
practicable, the Uniform Resource Identifier, if any, that Licensor specifies to be associated with the Work, 
unless such URI does not refer to the copyright notice or licensing information for the Work; and in the case of 
a Derivative Work, a credit identifying the use of the Work in the Derivative Work (e.g., "French translation of 
the Work by Original Author," or "Screenplay based on original Work by Original Author"). Such credit may 
be implemented in any reasonable manner; provided, however, that in the case of a Derivative Work or 
Collective Work, at a minimum such credit will appear where any other comparable authorship credit appears 





5. Representations, Warranties and Disclaimer 
UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR 
OFFERS THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY 
KIND CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, 
INCLUDING, WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS 
FOR A PARTICULAR PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR 
OTHER DEFECTS, ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER 
OR NOT DISCOVERABLE. SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF 
IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO YOU. 
6. Limitation on Liability 
EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO EVENT WILL LICENSOR 
BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL, INCIDENTAL, 
CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS LICENSE OR 
THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE POSSIBILITY OF 
SUCH DAMAGES. 
7. Termination 
a. This License and the rights granted hereunder will terminate automatically upon any breach by You of the 
terms of this License. Individuals or entities who have received Derivative Works or Collective Works from 
You under this License, however, will not have their licenses terminated provided such individuals or entities 
remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any termination of this 
License. 
b. Subject to the above terms and conditions, the license granted here is perpetual (for the duration of the 
applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right to release the Work 
under different license terms or to stop distributing the Work at any time; provided, however that any such 
election will not serve to withdraw this License (or any other license that has been, or is required to be, granted 




a. Each time You distribute or publicly digitally perform the Work or a Collective Work, the Licensor offers to 




b. Each time You distribute or publicly digitally perform a Derivative Work, Licensor offers to the recipient a 
license to the original Work on the same terms and conditions as the license granted to You under this License. 
c. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect the validity 
or enforceability of the remainder of the terms of this License, and without further action by the parties to this 
agreement, such provision shall be reformed to the minimum extent necessary to make such provision valid 
and enforceable. 
d. No term or provision of this License shall be deemed waived and no breach consented to unless such waiver or 
consent shall be in writing and signed by the party to be charged with such waiver or consent. 
e. This License constitutes the entire agreement between the parties with respect to the Work licensed here. There 
are no understandings, agreements or representations with respect to the Work not specified here. Licensor 
shall not be bound by any additional provisions that may appear in any communication from You. This 
License may not be modified without the mutual written agreement of the Licensor and You. 
 
